Theoretical studies performed in recent years on actinide containing compounds indicate that different approaches of Density Functional Theory (DFT) seems to give accurate structural and vibrational information. Some recent works on the subject, strongly recommend the use of pure GGA functionals. [1] In contrast, there is more controversy about the applicability of different approaches when evaluating thermochemical properties. Recently, it was reported that hybrid functionals seems to perform better than pure GGA functionals.
[2] Therefore, in the present work three different theoretical approaches of DFT were used to analyse the reactions under study. Firstly, DFT in its three-parameter hybrid B3LYP [3] formulation was used together with the Stuttgart basis set for the uranium atom (25s 16p 15d 7f)/[7s 6p 5d 3f] in combination with the 60 core electrons (small core) relativistic effective core potential (RECP). [4] This small-core RECP replaces the 60 electrons in the inner shells 1 through 4, leaving the explicit treatment of the n=5 shell (5s 5p 5d and 5f), and also the 6s, 6p, 6d and 7s valence electrons. Previous theoretical works showed that this RECP constitutes a good balance between the relativistic corrections introduced via the RECP and the explicit treatment of the valence electrons. The 6-311++G(d,p) basis set of Pople and co-workers [5] were used for the rest of the atoms (B3LYP/SDD). Secondly, the same RECP and basis sets were used together with the PW91 [6] functionals for the exchange and correlation parts of the generalised gradient approximation (PW91/SDD). These calculations were carried out with GAUSSIAN 2003 package.
[7] "Ultra-fine" grids were adopted with the Gaussian program.
Further calculations were done using the ADF2004.01 software package.
[8] The zero-order regular approximation was employed in all ADF calculations. The PW91 functionals (exchange and correlation) and the type TZ2P basis set were used together with the frozen-core approach, as implemented in ADF to describe the inner electrons of uranium (PW91/ZORA). Therefore, for uranium atom all electrons up to 5d were considered as frozen, the remaining 14 electrons constitute the active valence shell.
Finally, single point Spin-Orbit ZORA (non-collinear approximation) calculations on the optimized geometries obtained at the PW91/ZORA level of theory (PW91/SO-ZORA) are also reported.
The geometry of the molecules was optimized without symmetry constrains at B3LYP/SDD, PW91/SDD and PW91/ZORA levels, trying several initial geometries for each species, and the lowest energy obtained in each case is the one reported here. For each optimised stationary point vibrational analysis was performed in order to determine its character (minimum or saddle point) and to evaluate the zero-point vibrational energy corrections, which are included in all the relative energies. In all cases the relative energies were calculated with respect to the ground spin asymptote obtained at each level of theory (i.e. for PW91 results, the sextet ground spin state for the bare U + , was used as the asymptote). Previous experimental and theoretical works showed that dehydrogenation reactions involving firstand second-row transition metal cations usually involve more than one spin states. [9] This kind of behavior, in which more than one spin surface connects the reactants and products, is generally referred to as Two-State Reactivity (TSR).
[10] In addition, in the case of actinides chemistry, a simplistic explanation for the observation that the formal spin may vary during a reaction without appreciably affect the rate is that weak spin-orbit coupling (Russel-Saunders coupling) does not apply to the heavy metal ions. Instead, strong spin-orbit coupling (jj-coupling) better describes the electronic states and the requirement for spin-conservation is thereby relaxed. Recent theoretical works involving gas phase reactions of uranium atom with small molecules showed the importance to take into account different spin states. [11] In this work, the ground state of the bare cation, i.e. quartet spin state, as well as the two lowest-lying excited states, were considered for U + ; whereas in the case of U +2 only two spin states were considered, namely, the quintet (ground state of the bare cation) and the triplet excited state.
Bonding analysis
The bonding features of all the species involved in the reaction paths were analysed by means of Natural Bond Orbital (NBO) and Natural Population Analyses (NPA). [12] Firstly, the evolution of the bonding for the reaction between U + and H 2 O is described. Table S1 shows the NPA charges and the natural valence populations (for uranium atom) for all the species in its ground spin states, i.e. quartet state, involved in the U + reaction pathway. Table S2 shows the dominant stabilization energies E(2) between donors and acceptors for some of the species involved in the U + + H 2 O reaction path. The interaction beetween filled orbitals of one subsystem and vacant orbitals of another subsystem represents a deviation of the complex from the Lewis structure and can be used as a measure of the intermolecular delocalization, also called hyperconjugation. The hyperconjugative interaction energy, E(2), can be deduced from the second order perturbation approach and depends on the F 2 ij Fock matrix elements between the i and j NBO orbitals, the energies of the donor and acceptor orbitals and the population of the donor orbital. The electron density transferred between subsystems is small but these values are chemically significant.
As can be seen in Table S1 , the formation of the first complex, does not involve a charge transfer from the cation to the ligand, however the metal electron configuration is slightly changed as a consecuence of the ligand interaction, i.e. there is a slight charge transfer from the 7s orbital to the 5f and 6d ones. The natural orbital of the unpaired electrons reveals that all three electrons of uranium have f character. There is no covalent bond formation between the partners, so, the interaction between U + and H 2 O in the first complex corresponds physically to an electrostatic interaction. According to the NBO analysis, there are no dominant stabilization energies E(2) between donors and acceptors for this complex.
The formation of the first transition state, involves a charge transfer from the U atom to the hydrogen atom being tranferred (H 1 in Table S1 ). As a consequence, the charge on the metal center increases up to +1.48. The NBO analysis indicates that this structure is characterized by the presence of two fragments; i.e. U-H and O-H subunits. This is consistent with the fact that the distance U-O (2.132 Å at B3LYP/SDD level) is still far from the value corresponding to the cation oxide, UO + (1.794 Å at B3LYP/SDD level). The main contribution to the U-H σ bond comes from uranium atom, being this contribution mainly of s character, i.e.: 78% U(sf 0.17 ) and 21 % H(1s). The metal valence population indicates that there is a further charge transfer from the 7s atomic orbitals to the 6d one (see Table SI ). Three unpaired electrons occupy the uranium 5f orbitals. The main stabilization energies for the interaction between the two building blocks are summarized in Table S2 (TS1). The formation of HUOH, provokes a further redistribution of charge. The charge on the metal center is notably increased (+2.32), being this electron charge mainly transferred to the hydrogen atom being transferred (H 1 in Table S1 ) with a slight increase in the negative charge on the oxygen atom. As in the case of TS1, this structure is characterized by the presence of two fragments; namely U-H and O-H subunits. The NBO analysis shows that the contribution from the metal atom to the bond has deeply changed. Indeed, in this case the uranium contribution to the U-H bond, is much lower, being the hybridization of the natural orbital quite different to the corresponding one in TS1; i.e. 22% U (sdf 0.37 ) and 76 % H (1s). This structure is characterized also by the presence of three unpaired electrons of uranium, having all of them f character.
The natural bond analysis indicates that the second transition state is also formed by two fragments (U-H, O-H). The natural orbital between U and H is composed by 17 % U ( sd 1.06 f 0.84 ) and 83% H (1s). There is a small decrease in the metal charge, which has now a value quite close to the corresponding one for the UO + product. In Table S2 are listed the dominant second order stabilization energies for this structure (TS2).
The NBO analysis indicates that in the second reaction intermediate (III) the H-H bond is already formed. At this stage of the reaction, therefore, the system is already prepared for the H 2 detachment. The U-O bond is mainly composed from oxygen atom; i.e. 85% O (p) and a 15 % of U(df). It should be noted that the metal valence population has now only d and f character.
As can be seen in Table S1 the natural charge on the metal center has values of around +2.20 for all the species after the first transition state, showing an important increase of the ionic character in the bonding, which is obtained mainly from uranium electron charge transfer of s character.
NBO analysis was also performed on both possible reaction products, namely, UO + and UOH + . In the case of UO + , this analysis shows the importance of the ionic character of this species, being the metal natural charge of +2.18 e. The U-O bonds are mainly formed from 2p oxygen orbitals (around 80 % ) and d-f hybrids from U atom.
The reaction product corresponding to the second reaction channel, i.e. UOH + , is characterized by the presence of only one covalent bond, i.e. O-H. The main contributions for the stabilization energies, E(2) are presented in Table S2 . The unpaired electrons of U are of f character. Table S3 shows the NPA charges and the metal valence atomic populations for all the species in its ground spin states, involved in the U +2 reaction pathway. As in the case of the U + reaction, the formation of the first complex provokes a slight change in the electronic configuration of the metal cation with some transfer of charge from the f orbital to the s and d ones. The first complex is characterized by the presence of 4 unpaired electrons, three of them of pure f character, whereas the fourth one has a mixed (sf 2.10 ) character. There is no covalent bond formation between U +2 and H 2 O. As in the case of the reaction of U + , the formation of first transition state involves an important transfer of charge from the metal to the hydrogen atom that is being transferred (H 1 in Table S3 ). The NBO analysis indicates that also this structure is formed by two fragments, i.e. U-H and O-H subunits. The bonding in the U-H subunit involves 6d, 5f and 7s components in similar contributions ( 29% U (sdf 1.17 ) and 71% H (1s) ). Table S4 summarizes the main contributions for the stabilization energies E(2) between donors and acceptors.
The formation of the first insertion intermediate (II) provokes a further increase in the positive charge on the metal (+2.87). Also this structure is characterized by the presence of two units, U-H and O-H. There is an enhancement of the f character in the U-H bond, with respect to the previous transition state (50 % U(df) and 50 % H(1s) ). Two unpaired uranium electrons of f character are present also in this structure.
The formation of the second transition state involves the formation of a double bond between U and O atoms, which contrast with the bonding present in the TS2 for the reaction with U + . In this case there are also two subunits, since only the first H atom is bonded to the O atom. This bonding involves again both 6d and 5f components for uranium atom, with a slight dominance of the later. The main contribution to these bonds comes from oxygen atom (in an 85%), contribution that is almost of p pure character, being all of them similar in composition (O 85 % (p) and 15 % U(df) ).
In the second insertion intermediate (III) is already present an H-H bond as well as two uranium unpaired electrons (f character). The features of the U-O bond are similar to the previously described for the TS2 structure.
The bonding in the dehydrogenation product, i.e. U-O ++ , is formed from a df U hybrid orbital, with the main contribution coming from O atom ( O 82% (p) and 17 % U (d f) ).
The second reaction product, i.e. UOH 2+ is characterized by the presence of 2 subunits, i.e. U 2+ and O-H, with the presence of three unpaired uranium electrons of f character. This description agrees with the experimental conclusions (based on bond dissociation energies) that describe the M 2+ -OH bond as weaker than a single covalent bond. [13] The E(2) dominant stabilization energies between donors and acceptors are listed in Table S4 .
By comparing tables S1 and S3 it can be realized that the changes on the metal electronic structure are deeper in the case of U + , which arrives to have a charge as high as +2. [b] Donor Orbitals Acceptor Orbitals E(2) [b] TS1 (5) LP ( 
